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ABSTRACT

We have investigated the grain boundary scattering effect on the thermal 
transport behavior of uranium dioxide (UO2). The polycrystalline samples having 
different grain sizes (0.125, 1.8, and 7.2 m) have been prepared by spark plasma 
sintering technique and characterized by x-ray powder diffraction (XRD), 
scanning electron microscope (SEM), and Raman spectroscopy. The thermal 
transport properties (the thermal conductivity and thermoelectric power) have 
been measured in the temperature range 2-300 K, and the results were analyzed 
in terms of various physical parameters contributing to the thermal conductivity 
in these materials in relation to grain size. We show that thermal conductivity 
decreases systematically with lowering grain size in the temperatures below 
30 K, where the boundary scattering dominates the thermal transport. At higher 
temperatures, more scattering processes are involved in the heat transport in these 
materials. We analyzed the results obtained using molecular dynamics (MD) 
calculations.
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ACRONYMS

MD molecular dynamics

SEM Scanning electron microscope

TD theoretical density

TN Neel temperature

XRD x-ray diffraction
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CHARACTERIZATION REPORT ON FUELS FOR 
NEAMS MODEL VALIDATION

1. EFFECT OF GRAIN-BOUNDARY SCATTERING ON THE THERMAL 
CONDUCTIVITY OF URANIUM DIOXIDE

Uranium dioxide is one of the most studied actinide materials as it is used as the primary fuel in 
commercial nuclear reactors [1][3]. There are around 500 active nuclear reactors, producing more than 
15% of the total electricity worldwide. In a reactor, the heat energy produced from the nuclear fission 
events inside the fuel pellets is transformed into electricity. Thus, the heat transport mechanism, i.e.,
thermal conductivity of the fuel material, is an important parameter for fuel performance, regarding its 
efficiency and safety. A nuclear reactor operates at extreme environments that can include high 
temperature, high pressure, and high irradiation. As a result, a fuel pellet undergoes severe structural 
changes under irradiation conditions, including grain subdivision, fission gas bubble growth and 
redistribution, and extended defect accumulations [4][5] Thermal properties of the fuel material are 
greatly affected by these changes that ultimately affect the performance of a reactor. Numerous 
theoretical and experimental studies (see Refs. [6][9] and references therein) have been carried out to 
understand how these microstructure changes affect thermal transport properties of UO2. In an insulator, 
such as UO2, the lattice vibrations (phonons) responsible for the heat transport are scattered by different 
scattering centers, such as defects, grain boundaries, phonon-phonon, etc. Depending upon the 
temperature range, different scattering mechanisms dominate at different temperature regimes [10][12].
For instance, Umklapp phonon-phonon scattering dominates the thermal conductivity at 
high-temperatures, while the point-defect and boundary scattering govern the heat transport at 
intermediate and low temperatures, respectively. At low temperatures where the phonon mean free path is 
comparable to the grain-size, the grain boundary scattering mechanism is the main factor limiting the 
thermal conductivity. The effect of grain-size on the thermal conductivity has been investigated at low 
temperatures in other types of materials, such as semiconductors or thermoelectrics [13][17]. In the case 
of UO2, most of the studies on thermal properties are focused in the high temperature range (where the 
nuclear reactors operate) to better understand the fuel performance and reactor design [18][19].

Polycrystalline UO2 fuel pellets with three different grain-sizes (0.125, 1.8, and 7.2 m) were sintered 
by spark plasma sintering technique at Rensselaer Polytechnic Institute by Prof. Jie Lien and his research 
team. After the synthesis, several characterization techniques have been employed such as by x-ray 
diffraction (XRD), scanning electron microscope (SEM), and Raman spectroscopy (see Figure 1) to 
ensure sample quality with desired characteristics. All pellets were fully densified with measured density 
higher than 95% theoretical density (TD). The XRD spectrum in Figure 1a and Figure 1b show that the 
sintered pellets are single phase UO2. Microstructure characterization was conducted by SEM 
microscopy, and the average grain sizes were estimated to be 0.125, 1.8, and 7.2 m. Furthermore, the 
Raman spectroscopy (Figure 1c) shows the chemical bonding in those three different grain-sized samples 
are very similar, indicating comparable localized defect interaction with the crystal structure of UO2. The 
thermal transport properties (the thermal conductivity and thermoelectric power) have been measured in 
the temperature range 2-300 K, and the results were analyzed in terms of various physical parameters 
contributing to the thermal conductivity in these materials in relation to grain size.
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Figure 1. (a) XRD spectra show that the sintered pellets have UO2+x structure with `x' values calculated by 
peak positions as shown in (b) for the high angle section. Superimposing feature of Raman spectra 
(c) indicates similar degree of interaction between defects and UO2 crystal structure in the sintered pellets.

Figure 2 shows the thermal conductivity, of UO2

polycrystalline samples in the temperature range 
(2-300 K). For comparison, we have also included 
the temperature dependence of the thermal 
conductivity of UO2 single crystal [20]. The 
thermal conductivity of all samples shows similar 
temperature dependence as that of UO2 samples in 
the previous reports [20][22]. All (T) curves 
consist of a broad maximum at T = 220 K and a 
minimum at the Neel temperature, TN = 30.8 K. In 
addition, there is a well-defined peak at T = 10 K. 
Previous studies have revealed only a small 
difference in the thermal conductivity between 
single-crystal and polycrystalline UO2 [23]. At 
higher temperatures, the thermal conductivity of 
uranium dioxide single crystal is limited by 
3-phonon Umklapp scattering processes together 
with resonant spin-phonon scattering [20][22]. 
These mechanisms are associated with a short 
mean free path, which may imply that grain 
boundaries have a relatively insignificant effect on 
the phonon conduction at this temperature range 
(see Refs. [10], [20], and [22]). As can be seen in the Figure 2, at room temperature, the thermal 
conductivity values of the UO2 polycrystalline samples vary slightly with 
grain size, and all the values are within 5% error of the measurement. These (T) values may be also 
compared to the one obtained for single crystal UO2 material. As presented in the figure, the room 
temperature values of thermal conductivity of polycrystalline UO2 samples are ~10% smaller than that of 
the single-crystal. Several possible scenarios besides grain boundary scattering may contribute to the 
reduction of the thermal conductivity in the polycrystalline samples as compared to single crystal, for 
instance, isotope effect and/or oxygen off-stoichiometry. The polycrystalline UO2 samples were 
synthesized using natural uranium isotope, whereas the UO2 single crystal consists of depleted uranium. 
The small percentage change of U-235 atoms, however, should have a negligible effect on the thermal 
conductivity value, much less than the observed 10% [24]. It has been shown that a much bigger impact 

(a) (b) (c)

Figure 2. Temperature dependence of the thermal 
conductivity of the UO2 polycrystalline samples 
having different grain-sizes. The dotted line 
shows the thermal conductivity of UO2 single 
crystal.
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on the thermal conductivity of uranium dioxide can be caused by the oxygen off-stoichiometry, i.e.,
UO2x. Theoretical studies have shown that both hyper- and hypo-stoichiometry lower the thermal 
conductivity of UO2 [25][26]. Also, from the previous experimental studies, it was observed that the 
thermal conductivity of UO2 is very sensitive to oxygen off-stoichiometry (not shown), and its value 
decreases as much as 30% for UO2.033, as compared to stoichiometric UO2 at room temperature. The 
variation of thermopower (not shown here) strongly suggests that very small oxygen off-stoichiometry 
might be present and play a role in lowering of the thermal conductivity in the UO2 samples, especially at 
high temperatures. To evaluate this important observation in more details, single crystal studies (on UO2

crystals with different oxygen content) are required.

Figure 3(a) shows the blown-up region of the thermal conductivity curves of the UO2 samples shown in 
Figure 2 in the range below 30 K. As can be seen in this temperature range, the thermal conductivity 
decreases systematically with lowering the grain-size as expected. The variation of the thermal 
conductivity value -peak measured at the peak position near T = 10 K (see the arrows in Figure 3(a) is 
shown in Figure 3(b). It is observed that the -peak increases systematically with the grain size as 
expected for grain boundary scattering and approaches the single crystal value (shown by the horizontal 
line) as the grain size is increased. This linear dependence of thermal conductivity with the grain size 
observed in UO2 is consistent with grain boundary scattering being a main source of the thermal 
resistance [20][22]. In order to get more information of how different scattering processes affect the 
thermal conductivity in uranium dioxide, we have used the Callaway model [27] to analyze the 
experimental data obtained. The thermal conductivity data were analyzed, and the variation of different 
parameters such as grain boundary (B), defects (D), or phonon mean-free path (L) with the grain size are 
presented in Figure 3(b-e).

In order to determine if changes in the measured thermal conductivity at high temperatures are due to 
the grain boundary Kapitza resistance, Prof. Michael Tonks’ team (University of Florida) investigated this 
behavior using the analytical Kapitza resistance equation.

Figure 3. The low temperature thermal conductivity of UO2 samples. The solid lines represent the 
least-square fits of the Callaway model to the experimental data. The grain-size dependence (obtained 
from the Callaway model) of the low-temperature thermal conductivity peak (b), parameters B (c), D 
(d), and the mean free path of phonons L (e). The corresponding values for the UO2 single-crystal are 
displayed as a horizontal line in the relevant graphs. The dashed lines are guides to the eye.
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To summarize, we have synthesized UO2 samples having different grain size (0.125 1.8, and 7.2 m) and 
investigated the grain size effect on thermal properties in this material. The samples have been 
characterized by x-ray powder diffraction (XRD), scanning electron microscope (SEM), and Raman 
spectroscopy. By performing low temperature thermal conductivity measurements, we have studied the 
grain boundary scattering related to grain size and its impact on thermal conductivity in this material. The 
thermal conductivity shows a systematic dependence on the grain size at low temperatures (below 30 K) 
where the grain boundary and defect scatterings dominate the thermal transport. Such a behavior is not 
observed at higher temperatures due to other scattering processes that govern thermal conductivity of 
these materials, especially oxygen off-stoichiometry. The different scattering parameters, affecting the 
thermal conductivity, are estimated using the Callaway model. The grain boundary Kapitza resistance has 
been also evaluated by the molecular dynamics (MD) calculations. All the results obtained indicate 
importance of low temperature measurements to study grain boundary scattering in UO2. At higher 
temperatures, other scattering processes are involved in the heat transport in these materials which makes 
this analysis difficult. In addition, these studies point to the importance of oxygen 
off-stoichiometry for the thermal conductivity of UO2

a,b.
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